Cobalamins (Cbl) are important co-factors for methionine synthase and methylmalonyl-coA mutase. Certain corrins also bind nitric oxide (NO), quenching its bioactivity. To determine if corrins would inhibit NO synthase (NOS), we measured their effects on 14-C-L-arginine-to-14-C-L-citrulline conversion by NOS1, NOS2, and NOS3. Hydroxocobalamin (OH-Cbl), cobinamide (Cbi), and dicyanocobinamide (CN 2 -Cbi) potently inhibited all isoforms, whfile cyanocobalamin, methylcobalamin, and adenosylcobalamin had much less effect. OH-Cbl and CN 2 -Cbi prevented binding of the oxygen analog carbon monoxide (CO) to the reduced NOS1 and NOS2 heme active site. CN 2 -Cbi did not react directly with NO or CO. Spectral perturbation analysis showed that CN 2 -Cbi interacted directly with the purified NOS1 oxygenase domain. NOS inhibition by corrins was rapid and not reversed by dialysis with L-arginine, tetrahydrobiopterin. Molecular modeling indicated that corrins could access the unusually large heme and substrate-binding pocket of NOS. Best fits were obtained in the "base-off" conformation of the lower axial dimethylbenzimidazole ligand. CN 2 -Cbi inhibited interferon-γ-activated Raw264.7 mouse macrophage NO production. We show for the first time that certain corrins directly inhibit NOS, suggesting that these agents (or their derivatives) may have pharmacological utility. Endogenous cobalamins and cobinamides might play important roles regulating NOS activity in normal and pathological conditions.
Introduction
Nitric oxide (NO) synthase (NOS) converts L-arginine to L-citrulline and NO [1, 2] . NOS1 ("neural" NOS) and NOS3 ("endothelial" NOS) generally produce low levels of NO and are constitutively active. Inducible NOS (NOS2) is induced by cytokines and microbial factors and produces high levels of NO. NO plays very important roles in normal physiology and in various pathologic processes [3] [4] [5] . NO serves as a signal-transducing molecule, an effector molecule for the stasis and killing of microbes (e.g., certain viruses, fungi, bacteria, and protozoa), and neoplastic cells. NO can also block apoptosis by S-nitrosylating caspases [6] ; in resting, normal B lymphocytes, the active site cysteine of caspase 3 is inhibited by nitrosylation, and undergoes denitrosylation upon fas activation and apoptosis [7] . NO controls smooth muscle contraction and thus influences vessel, bowel, bronchial, uterine, ureteral, and ductal tension and contractions [3] .
There are three major isoforms of NOS (NOS1, NOS2, and NOS3) encoded by three separate genes [1] . While these isoforms are expressed in several cell types and tissues, NOS1 is found mainly in neural and muscle tissues, NOS2 in monocytes/macrophages, hepatocytes, and chondrocytes, and NOS3 in endothelial cells. A variety of agents inhibit the enzymatic function of NOS [1, 8] . Compounds that bind, quench, or scavenge NO have been used to negate the effects of NO [9] . These scavengers include heme compounds and cobalt-containing cobalamins and associated molecules. Certain cobalamins bind NO and thus quench their effects [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . We hypothesized that in addition to binding NO, certain corrin derivatives would also directly interact with NOS and inhibit NOS activity, and that these NOS inhibitor effects would be separate and different from their scavenging effects. The biochemical and molecular modeling analyses presented here suggest a promising role of isoform-selective NOS inhibition by corrins. To our knowledge, no one has previously reported that corrins inhibit NOS.
Materials and methods
We prepared highly purified, recombinant rat NOS1 and human NOS2 (holoprotein and oxygenase domain) as previously described [22, 23] . Recombinant bovine NOS3 was purchased from Cayman (Ann Arbor, MI). Tetrahydrobiopterin and carboxy-PTIO [2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (potassium salt)] were from Alexis (San Diego, CA). 14-C-labeled L-arginine and 14-C-labeled citrulline were from Perkin-Elmer Life and Analytical Sciences (Boston, MA). All other reagents were from SigmaAldrich (St. Louis). Glutathionylcobalamin was synthesized as described before [24] .
The Raw 264.7 mouse macrophage cell line was from the ATCC (Manassas, VA). Cells were maintained by serial passage in RPMI-1640 in 10% fetal bovine serum as noted earlier [25] . NO was measured using diaminofluorescein-FM (4-amino-5-methylamino-2′, 7′-diflurofluorescein) from Invitrogen-Molecular Probes. Briefly, cells were treated with 500 units/ml of murine interferon-gamma for 24 hours, incubated with 10 μM DAF-FM for 30 minutes, and washed. The cells were then assessed for fluorescence in a platereader fluorimeter (excitation/ emission 495/515 nm); NO formation is proportional to fluorescence. To determine NOS activity, we incubated 2.9 μM 14-C-labeled-L-arginine at 37°C with 5 nM recombinant NOS1 or NOS2 in 50 mM HEPES buffer (pH 7.5), 10 μM unlabeled L-arginine, 10 μM flavin adenine dinucleotide, 1 mM dithiothreitol, 100 μM tetrahydrobiopterin, and 200 μM NADPH in the absence or presence of different concentrations of the compound in question for 60 minutes at 37° C [26, 27] . The reaction was stopped by addition by adding 0.1 M HEPES, pH 5.5, 1 mM L-citrulline, and 5 mM EDTA, and 14-C-labeled L-arginine was separated from 14-C-labeled citrulline using a Dowex 50W-X8 cation exchange column. 14-C-labeled L-arginine binds to the Dowex, and 14-C-labeled citrulline elutes free from the column [26] . Radioactivity was determined with a scintillation counter, and percentage NOS inhibition was calculated. None of the corrin compounds quenched detection of the radioactivity. Spectroscopic measurement for NO and CO binding were determined using a Hitachi U2010 spectrometer (San Jose, CA) using computer-assisted data collection software as reported before [15, 22, 23, 28] .
Molecular modeling was used to investigate the feasibility of docking cobalamins in the catalytic sites of NOS1 and NOS2. We used the InsightII/Discover suite of programs (Accelrys) with structures from PDB entries P_1DWW (NOS2) and P_1ZVL (NOS1). Side chains were individually torsioned to remove intramolecular clashes while monitoring local energies (Van der waals and Coulomb) to eliminate unrealistic conformations. Single bonds in cobalamin were torsioned to reposition dimethylbenzimidazole for reduced steric effects. No attempt to estimate actual binding energies was made because of the lack of a force field for corrins, and because the estimate required several layers of side chain adjustment.
Results
We first examined the effects of various corrin-related compounds on the catalytic activity of NOS. Using 14-C-labeled L-arginine, purified recombinant NOS1, NOS2, or NOS3, and NOS co-factors, we tested the compounds for their abilities to influence conversion of 14-C-Larginine to 14-C-L-citrulline. The general structures of corrins/cobalamins are shown in Figure  1 . Hydroxocobalamin (OH-Cbl), cobinamide (Cbi), and dicyanocobinamide (CN 2 -Cbi) were potent NOS1, NOS2, and NOS3 inhibitors, while cyanocobalamin had much less activity ( Figure 2 ). In general, the constitutive NOS isoforms NOS1 and NOS3 were inhibited more than was NOS2, but all were inhibited by the agents. Methylcobalamin and adenosylcobalamin had very little ability to inhibit NOS. Illumination of these compounds liberates the methyl and adenosyl groups from cobalamin, generating OH-Cbl [15] . The photoactivated derivatives had inhibitory potency comparable to authentic OH-Cbl ( Figure 3 ). Wheatley hypothesized that a glutathionylcobalamin might be able to directly modulate NOS activity but reported no data to support this hypothesis [29] . Our studies show that glutathionylcobalamin inhibited NOS1, NOS2, and NOS3 with comparable potencies [effective doses to inhibit 50% activity (ED50s)] to those of OH-Cbl. Table 1 summarizes the inhibition data.
Spectroscopic studies of cobalamins and cobinamides binding to NOS provide further details of the interaction of the enzymes with these inhibitors. We analyzed binding of CN 2 Cbi to the H 4 B-replete NOS1 oxygenase domain (NOS1ox) by examining the effects of CN 2 Cbi binding on the heme spectrum at room temperature ( Figure 4 ). Binding produced a significant red shift in the high spin heme Soret peak of NOS1ox (395 nm to 412 nm), indicative of conversion to the low spin state. The binding spectrum is displayed in Figure 4 , with an insert showing the difference spectrum. These results suggest that CN 2 Cbi interacts directly with the NOS heme binding pocket converting high spin ferric to a low spin ferric adduct. The low spin species formed could be the result of direct interaction between a corrin-associated group and heme, but it could also be the result of corrin displacement of arginine, allowing the interaction of an active site water molecule with heme iron. Arginine displacement would also require close approach of the corrin to the active site, resulting in binding domain overlap. Our molecular modeling analysis (see below) further supports the possibility of corrin penetration into the heme pocket. These data are the first to demonstrate a direct interaction between a corrin and a NOS heme protein.
Oxygen binding to reduced heme is an obligatory step in the catalytic cycle of NOS. Binding of the oxygen analog carbon monoxide to ferroheme shifts the Soret band of the heme UVvisible absorbance spectrum to 446 nm [30] , analogous to the well known CO ferroheme complex of P450 cytochromes ( Figure 5A ). As shown in Figure 5B , CN 2 -Cbi markedly diminished CO-induced spectral changes in NOS2 oxygenase domain, indicating that CN 2 -Cbi blocks formation of the ferrous-CO adduct. This suggests that CN 2 -Cbi-mediated inhibition of NOS activity is due in part to blocking of oxygen binding to heme heme, along with the arginine displacement implied by conversion to the low spin state. To our knowledge, there is no prior report of an interaction of a cobalamin or a cobinamide with NOS.
Inhibition of NOS1 by CN 2 -Cbi was rapid with 56% inhibition by 2 μM at 7 seconds, 57% at 15 seconds, 61% at 30 seconds, and 68% at 60 seconds. The inhibitory effect of CN 2 -Cbi for NOS1 was not blocked by tetrahydrobiopterin (100-800 μM) or NADPH (100-400 μM) (assessed by the 14-C-L-arginine to 14-C-L-citrulline assay). Also, L-arginine (0.5 to 10.0 mM) did not reverse CN 2 -Cbi inhibition of NOS1 (assessed by spectroscopic ligand binding). NOS1 inhibition by CN 2 -Cbi could not be reversed. We incubated 60 μM CN 2 -Cbi with 3.8 μM NOS1 in 0.1 ml for 30 minutes at room temperature and dialyzed the solution for 18 hours against 40 mM Bis Tris propane buffer (BTP, pH 7.5) supplemented with 10 μM tetrahydrobiopterin and 1 mM L-arginine. NOS1 was still fully inhibited after dialysis (78% inhibition versus 60% inhibition without the dialysis). CN 2 -Cbi inhibition of NOS cannot be described as competitive for tetrahydrobiopterin, NADPH, or L-arginine. Taken together, the results suggest that the binding domain of CN 2 -Cbi overlaps the binding site for substrate oxygen and arginine. It is not feasible for the bulky corrin moiety to overlap the CO binding site without also blocking the arginine-binding site.
As noted above, OH-Cbl can directly bind NO to its cobalt and quench or scavenge NO actions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . We tested the ability of CN 2 -Cbi to interact with NO ( Figure 5C and 5D ). NO reacted with OH-Cbl as indicated by the change in the UV/visible spectrum ( Figure 5C ; shift of peak from 352 nm to 354-355 nm, and alteration in the 520 nm region). However, NO did not react with CN 2 -Cbi ( Figure 5D ); there was essentially no change in its spectrum. CN 2 -Cbi does not bind/quench NO, and carboxy-PTIO (a known NO binding/quenching compound) does not inhibit NOS (Table 1) . Therefore, we conclude that NO binding/quenching does not influence NOS activity and that the NOS inhibitory actions of cobalamins and cobinamide are not related to NO binding/quenching. Instead, direct binding of cobalamins and cobinamide to the NOS active site causes the inhibition.
To explore potential mechanisms of the NOS-corrin interactions, we used molecular modeling investigations with manual computer-assisted docking analysis ( Figure 6 ) to examine the feasibility of corrin species access to the catalytic site. Cobalamins exist in aqueous solution in two main conformations, "base-on" and "base-off." In the "base-on" conformation, the dimethylbenzimidazole moiety provides an axial ligand to the cobalt atom ( Figure 6A ). As shown in Figure 6B , there is enough space in the heme and substrate binding pocket of NOS1 and NOS2 to accommodate cobalamin in the "base-off" conformation. It was necessary to adjust the conformation of binding site residues and ligand to allow ligand binding, but these adjustments do not come at the expense of large amounts of energy. A critical point revealed by docking exercises is that a very large interaction surface between base-off cobalamin and NOS (~ 800 Angstrom) can be obtained despite the high degree of exposure of the dimethylbenzimidazole moiety to solvent water. The complexity and scale of the binding region and the need for adjustments in side chain orientation to allow the cobalamin to fit prevented us from confidently defining specific interactions within the pocket. However, our analyses confirm that access of corrins to the active site is feasible. The large interaction surface accounts for the high affinity of NOS1 for cobalamins. Small differences in pocket geometry provide slightly more space in NOS1 than in NOS2 ( Figure 6B ). This may account for the generally higher affinity of NOS1 for cobalamins.
The effect of axial ligands on affinity suggests strongly that specific interactions within the pocket are important, and that these interactions account for part of the specificity for cobalamins based on axial ligation. Hydrogen bonds and metal-ligand bonds may both contribute-numerous groups are available for hydrogen bond formation in the pocket, including the conserved residues involved in binding arginine. There are no active site histidyl residues available to bond to cobalt. However, other residues may supply a ligand, including a group of tryptophan residues surrounding the heme pocket.
The inhibitory potency of CN 2 -Cbi relative to CN-Cbl corresponds with results of our docking exercises and strongly suggests that the 'base-off' state is responsible for inhibition. The cobalamin derivatives that are primarily in the "base-on" state in solution must overcome the energetic cost of removal of the ligand by making strong interactions in the binding site [31] . If only the "base-on"/"base-off" ratio were significant, methylcobalamin would be the best inhibitor other than CN 2 -Cbi. Clearly, it is also necessary to have an axial group capable of making strong specific interactions. OH-Cbl is able to overcome a large energy cost corresponding to a factor of 10 −7 -10 −8 in the "base-on"/"base-off" equilibrium constant, while Me-Cbl, with a much smaller cost, is a very poor inhibitor. It is unlikely, however, that cobalamins bind to NOS initially in the "base-off" state. The fraction of "base-off" molecules in a solution of OH-Cbl is so low (a few parts in 10 8 ) that binding would be too slow to account for the observed results. It is likely that initial weak corrin binding occurs in the "base-on" state, a condition in which the corrin can be docked partially into the heme pocket with the corrin at an approximate 45° angle to the heme (not shown). Intermediate, weakly bound states could provide a mechanism to reach the "base-off" state, allowing reasonably rapid binding of cobalamins that are essentially all in the "base-on" state in solution.
The total "base-off" structure of CN 2 -Cbi and the great potential of OH-Cbl to hydrogen-bond in the pocket help explain their low ED50s. The slightly larger active site pocket of NOS1 compared to NOS2 and NOS3 likely explains the lower ED50s for NOS1.
We also examined the ability of CN 2 -Cbi to influence NO production by cells expressing NOS. When we incubated CN 2 Cbi with mouse macrophage Raw 264.7 cells activated with interferon-gamma to produce NO in vitro, there was a dose-dependent inhibition of NO production ( Figure 7 ). This indicates that compounds of this class can inhibit NO production by NOS in living cells.
Discussion
While cobalamins have been previously noted to bind and quench the actions of NO, no one has shown that they directly inhibit NOS. This is the first full report that OH-Cbl, Cbi, and CN 2 Cbi can potently inhibit the enzymatic function of NOS and thus block formation of NO [we earlier reported preliminary findings of this in abstract form [32] ]. OH-Cbl and Cbi can both bind and scavenge NO. Thus, these two agents are able to bifunctionally inhibit the NOS/ NO system by decreasing NOS activity and NO synthesis and quenching existing NO. Unlike OH-Cbl and Cbi, we show that CN 2 Cbi does not bind NO, but it directly interacts with NOS and potently inhibits NOS activity.
Our structural modeling and uv-visible spectroscopy studies indicate that NOS inhibition by these cobalamins and cobinamides is likely mediated by approximation of the agent to the NOS heme in active site. The active site pocket is large and accommodates the agents. The greater ability to inhibit NOS1 than NOS2 appears to be structurally based-the NOS1 active site pocket is larger than the NOS2 pocket. As noted, CN 2 Cbi is the most potent inhibitor. Absence of the lower axial ligand (essentially having a continuous "base-off" configuration) enhances access to the NOS heme. Based on inhibitory ability of OH-Cbl and structural modeling, it appears that hydrogen bonding or other specific interactions between the polar hydroxyl group of OH-Cbl and NOS contribute significantly to the OH-Cbl-NOS binding. Absence of a comparably polar upper axial ligand in CN-Cbl and a majority "base-on" configuration likely explains the poor ability of CN-Cbl to inhibit NOS. Other researchers have reported inhibition of NOS by certain heme derivatives such as ferriprotoporphyrin IX or cobalt protoporphyrin [33] [34] [35] .
Me-Cbl and Ado-Cbl have very poor inhibitory activity. However, if they are exposed to light (a process that dissociates the methyl and adenosyl groups from the molecules, converting them to OH-Cbl), they inhibit at concentrations similar to OH-Cbl. It is possible that this property of light-activation for NOS inhibition could be useful for site-and time-selective delivery of the agents. Large amounts of Me-Cbl or Ado-Cbl could be administered intravenously, and then accessible areas could be illuminated to selectively release the NOS inhibitor/NO quencher in a local area.
During NO synthesis, NOS flavins transfer NADPH-derived electrons to heme iron. This process enables heme to bind and activate oxygen in both steps of NO synthesis. Tetrahydrobiopterin, a required NOS cofactor, binds to NOS tightly near the heme and is necessary for the homodimer formation and interaction with L-arginine [2] . NOS usually produces reduced oxygen species as products of leak reactions, but in the absence of L-arginine or BH 4 , the oxidase function of NOS has a greatly increased rate of generation of superoxide from oxygen. Superoxide can contribute to inflammation and tissue damage in disorders such as arthritis, vasculitis, nephritis, and reperfusion injury [36] . We expect that these corrin NOS inhibitors would inhibit both NO and superoxide generation by NOS.
Cobalamins (e.g., OH-Cbl) have been used to treat humans with vitamin B 12 deficiency and cyanide poisoning successfully with no or few toxicities [37, 38] . Small doses of OH-Cbl (e.g., 1 mg daily to monthly given orally, intravenously, or intramuscularly) are used to treat vitamin B 12 deficiency, while much larger doses (e.g., 5 to 15 gm intravenously) are used to treat cyanide poisoning [37, 38] . The gram doses used for cyanide poisoning produce transient, mild hypertension as a side effect. This hypertension is likely due to in vivo OH-Cbl inhibition of NOS and quenching of NO.
We speculate that corrins/cobalamins may play a role in modulating NOS enzymatic function (and NO formation) in vivo. Physiological concentrations of OH-Cbl, Me-Cbl, and Ado-Cbl are very low in vivo (pM to low nM range) and thus might not be in concentrations high enough to modulate NOS activity. However, a variety of unique cobalamins, cobinamides, and corrins are found in vivo [39, for example] that might have high higher capacity to function as NOS inhibitors. Wheatley hypothesized that a cobalamin might be able to directly modulate NOS activity, but reported no data regarding this hypothesis [29] . Patients with severe vitamin B 12 deficiency have neurologic and psychiatric abnormalities, and white matter lesions [40, 41] . It is possible that lack of nervous system cobalamins or cobinamides could play a role in the pathophysiology of these disorders-the low levels and lack of NOS inhibition and NO quenching might disturb neurotransmission or allow neuronal damage. Some patients with vitamin B 12 deficiency report subjective improvement by vitamin B 12 administration before there are any improvements in hemoglobin levels [40, 42] . This subjective improvement could be related to cobalamin/cobinamide effects on NOS1 in brain, with resultant changes in neuropsychiatric sensations. Administration of various cobalamins has been reported to modulate neuropsychiatric function in humans (e.g., circadian body temperatures and alertness [43] ).
Cobalamins and cobinamides could potentially be useful agents for inhibiting NOS and NO generation in vivo in humans with certain diseases in which NO acts in a deleterious fashion (e.g., inflammatory diseases). These agents could be given in high doses, comparable to high dose OH-Cbl administered to patients with cyanide poisoning [37, 38] . With intravenous administration of gram amounts of OH-Cbl, peak blood levels over 1000 micromolar are achieved with minimal side effects (red urine and mild, reversible hypertension). Cobalamins or cobinamides could also be administered acutely, subacutely, or chronically in lower amounts orally, parenterally, topically, or by inhalation. With an agent such as CN 2 Cbi, one might be able to achieve anti-inflammatory effects at much lower doses with very few side effects.
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Results are expressed as percent inhibition. The effective dose for 50% inhibition (ED50) is displayed. Light dissociates the methyl-or adenosyl-group from the agent resulting in hydroxocobalamin. Methylcobalamin and adenosylcobalamin have very little NOS inhibitory activity, but after light-induced change to hydroxocobalamin, they actively inhibit NOS1 and NOS2 activity. [44] . In this structure, the cobalt ligand trans to the methyl axial ligand is a histidyl residue (not shown) supplied by the protein. The "base-on" form shown was taken from the structure of cobalamin bound to transcobalamin reported by Wuerges et al (PDB entry 2bb5) [45] . The axial ligand trans to dimethylbenzimidazole is again a histidyl residue (not shown) supplied by the protein. Slight differences in the planarity of the corrins include movement of the cobalt towards dimethylbenzimidazole in the "base-on" configuration. Considerable flexibility in the molecule exists, making many other orientations of the base possible. 6B. Docking of the "base-off" form of cobalamin (as in Figure 5A ) in the heme pockets of NOS2 (dark blue) and NOS1 (cyan), illustrating the extent of the ligand-binding cavity relative to the size of cobalamin. Heme is shown in red and cobalamin in purple. The very large substrate-binding pocket accommodates surprisingly large ligands, including porphyrins (similar in size and shape to the corrin shown here). The insertion of cobalamin into the heme pocket is ultimately limited by a beta sheet near V567 (NOS1). The configuration shown generates a 0.4Angstrom clash with the valine side chain in the crystal structure from PDB P_1ZVL, and represents the approximate limit of insertion of cobalamin, assuming slight rearrangements in the backbone are possible. A similar configuration with approximately 80% overlap of the corrin and heme can be obtained without backbone or unrelaxable side chain clashes. Slight torsioning of some active site residue side chains and repositioning of the DMBzI moiety of the cobalamin (visible as rings in solid rendering at the upper right) was necessary. The aromatic side chains visible at the bottom of the figure at the edge of the access channel are W306 and Y706 in NOS1.
Figure 7. Dicyanocobinamide inhibition of NO formation by mouse macrophages
Cells of the mouse macrophage cell line Raw 264.7 were incubated 24 hours with 500 units/ ml murine interferon gamma to activate them for NO production. The cultures also contained 0, 0.5, 2.0, or 8.0 μM dicyanocobinamide for the entire culture period. At the end of the culture period, the cells were assessed for NO production using DAF-FM and a fluorimeter. Results are expressed as NO production (percent of control). The error bars show the SEM. This is from 6 separate experiments. 
Inhibition of nitric oxide synthases by cobalamins and cobinamides
The effects of the indicated agents on the enzymatic activity of NOS1 and NOS2 were determined. Methyl-cobalamin and adenosylcobalamin were tested either having been exposed to light or not exposed to light. Results are displayed as the ED50 (μM). 
